This work describes the application of noise analysis techniques to study the unsteady flow patterns in the core of nuclear reactor plants. The study is focused on the determination of the position of the flow perturbations and their causes. The analysis was performed using sampled data collected from a four loop plant instrumentation that included the loop flow rates, the ex-core neutron detectors and the core exit thermocouples. As part of the analysis, the thermocouple signals were cross-correlated to the flow data to determine approximate flow perturbation mappings in the core. The results of the analysis illustrate the value of noise analysis as a tool for the characterization of the flow conditions in the core.
Introduction
The detailed analysis of the flow patterns in the reactor core has been receiving increasing attention because it provides an important source of information for reload analyses, fuel assembly design, evaluation of fretting-wear risk and monitoring of potential flow anomalies. Various analytical approaches have been used to study in high detail the flow conditions in the reactor. For example, the flow distribution can be determined by using a thermal-hydraulic analysis code for nuclear reactors such as VIPRE (1) and the information collected from the core exit thermocouples. In this approach, the flow is determined by iteratively adjusting the core inlet flow distribution (which is not known) until the coolant outlet temperatures predicted by the model match the exit core thermocouple readings from the plant. Although this semi-empirical method can be used to study the propagation of inlet flow perturbations in the core, it can not predict the flow fluctuations themselves and it is limited to perturbations having relatively long characteristic times (i.e. periods of tens of seconds). A more accurate approach consists in using a Computational Fluid Dynamics (CFD) model (2) . Unfortunately, these models require a very refine mesh to provide adequate discretization of the turbulence. Moreover, to avoid approximating the core inlet conditions, the CFD model has to include the reactor vessel lower plenum, down-comer and cold legs (3) (4) . As a result, the CFD mesh usually contains tens of millions of cells. While at present, time averaged flow characteristics can be determined, the prediction of unsteady flow patterns requires costly CFD transient simulations which are in general unpractical for the current software and hardware capabilities.
A complementary approach to these analytical methods consists in using noise analysis techniques to characterize the flow conditions by exploiting the data collected from the plant instrumentation. This empirical approach is not new but has the advantages of a high simplicity and a potential application online. Noise analysis has been extensively used in nuclear industry. Some examples include: monitoring the performance of the core sensors/detectors, detection of core components vibrations (such as core structural components, control rods and some type of fuel assembly vibration), approximate estimation of coolant velocities, and detection of crud deposition (4)(5) (6) . This work describes the application of noise analysis techniques to the study of the unsteady flow patterns in the core of Pressurized Water Reactor (PWR) plants. The results of the analysis are of particular interest for the fuel designer since they can provide valuable information on the local flow conditions that are in general plant dependent and could not be otherwise be accurately predicted.
Core layout and flow distribution
Sampled data collected from a four loop PWR plant was used in the analysis. Figure 1 outlines a cross section of a typical 4-loop core. The fuel assemblies having a thermocouple to measure the core coolant exit temperature are labeled as "TE" in the figure. The relative positions of the reactor vessel cold and hot legs, and the excore neutron detectors (NA, NB, NC and ND) are also shown in the figure. TE  TE  TE  TE  TE  TE   3   L31   4   TE  TE  TE  TE  TE  TE   5   6   TE  TE  TE  TE  TE  TE  TE  TE   7   8   TE  TE  TE  TE  TE  TE  TE  TE   9   10 TE   TE  TE  TE  TE  TE  TE  TE   11   12   L31  TE  TE  TE  TE  TE  TE   13   14   TE  TE  TE  TE  TE As shown in the upper part of Fig. 1 , in a typical 4-loop PWR the core inlet flow rate tends to be higher in the center while it decreases near the core baffle due to the geometry of the reactor vessel downcomer and lower plenum. The redistribution arising from this non-uniform inlet flow condition generates an annular cross-flow region (approximately outlined in the figure) that usually dissipates within the first span of the fuel assemblies. The symmetry of the annular cross-flow region is distorted by the non-symmetric mechanical structures existing in the lower plenum (such as the tie plate), any small loop to loop flow imbalances and also the assembly bow due to core irradiation and temperature fields. As a result, certain core quadrants may have higher cross-flow velocities than others.
In addition to these steady-state flow patterns, some four loop plants may experience small flow fluctuations over time. These unsteady flow patterns are usually the result of rotational flow cells developed in the reactor vessel lower plenum which can cause local disturbances in the core inlet flow distribution. The flow patterns are plant dependent and generally located in one or two quadrants of the reactor vessel (i.e. non symmetric). Moreover the assemblies located above the position of the rotational cells have in general a lower inlet flow than the surrounding ones. Although these unsteady flow patterns do not affect the plant safe operation, the continuous improvement of the fuel assembly performance requires the consideration of these phenomena as they may have an effect on some of the fuel design margins, such as the fretting-wear margin.
Description of the Noise Analysis Performed on the Plant Instrumentation Signals
As already discussed, current analytical methods can accurately predict the time averaged flow characteristics but are not practical for predicting time perturbations. Therefore the approach taken in this work consisted in exploiting the data collected from the plant instrumentation by using noise analysis techniques. These techniques include classic tools such as the Power Spectral Densities (PSD), the Auto/Cross-Correlations and the Cross-Power Spectral Density (CPS) (8) . Instrumentation signals from the four excore neutron detectors, the four loops flow meters and the fifty core exit temperature thermocouples were recorded during approximately one hour, with a sampling period of five seconds (generating a total of 718 sample points per signal). This sampling ratio provides sufficient time resolution (Nyquist limit is 10 seconds) for the study of the flow perturbations discussed in this work since their characteristic times are longer than several tens of seconds. The noise analysis was performed in three stages: first on the excore neutron detectors, then on the loop flow meters and finally on the thermocouples.
Neutron detectors
The sampled data from the four excore neutron detectors is shown in Fig. 2 . The Power Spectral Densities (PSDs) were calculated from the Discrete Fast Fourier Transform of the sampled signals. The detector PSDs on the right side of the figure show the presence of various periodic signals in the spectrums. The three more significant perturbations have periods of about: 180 S, 400 S and more than 3,000 S. The period length of the latter perturbation could not be precisely determined because it was at the upper limit of the resolution imposed by the total sampled time (~ 3600 seconds). The existence of periodic signals embedded in the detectors noises is also revealed in the autocorrelation as shown for example in Fig. 3 . The autocorrelation function R x is usually employed to evaluate the statistical correlation between values of the signal x at time τ apart and it is defined as follows: The periodic perturbations identified in the neutron detectors were compared by calculating the cross-correlation between detectors. The cross-correlation R xy serves as a quantitative measurement of the extent of similarity between two signals x(t) and y(t) defined as follows:
If the two detectors contain the same periodic signal, the cross-correlation displays a set of maximums and minimums arranged according to the signal period. The relative position of the peaks provides an estimate of the time shift between the periodic signals in the two detectors. Examples of cross-correlations obtained from the neutron detectors are illustrated in Figs. 4 and 5. The cross-correlations of the excore neutron detector signals show that perturbations are in phase when considering detectors ND and NA; and also NC and NB. On the contrary, they have opposed phases when comparing NA against NB, and NC against ND (see Fig. 1 for the relative positions of the excore neutron detectors). The periodic signals identified in the excore neutron detectors suggest the existence of local power fluctuations. These local power fluctuations are likely originated by small periodic flow variations affecting the core region close to the detectors. The process that leads to these periodic signals can be explained by the following example: a small reduction of the inlet flow of a fuel assembly close to the detector slightly increases the coolant temperature. The increase of the coolant temperature in turn reduces the assembly power via the moderator temperature coefficient and causes a signal reduction in the neutron detector.
The comparison of the amplitudes of the periodic perturbations between detectors indicates that the power fluctuations (and their associated flow variation) are mostly present in the 0º-90º and 270º-0º core quadrants, and in a lesser degree in the 180º-270º quadrant. The results presented in the next sections confirm this analysis.
Loop flow
Sampled signals of the flow rate in the four reactor loops are shown Fig. 6 . The signals were obtained by averaging the data from the three channels collecting the flow readings in each of the four loops. To facilitate the comparison, the loop flow signals were normalized to one. The resulting Power Spectral Densities (PSDs) in Fig. 6 reveal several periodic signals with frequencies matching those observed in the excore neutron detector noises. The periodic signals can also be identified in the autocorrelation analysis as displayed for example in Fig. 7 . Note from Fig. 6 that the signal-to-noise ratios in the flow data are better than in the neutron detectors.
As for the excore neutron detectors, the cross-correlations between the loops flow signals were used to determine the relative time shift between the periodic signals embedded in the detector noises. The analysis showed that the periodic signals in the four loops are in phase, as illustrated for example in Fig. 8 (cross-correlation between loops A and B).
By calculating the differences on the flow rates between the reactor loops (for instance the total flow in loops A and B minus the total flow in loops C and D), a possible relationship between the loops flow unbalances and the observed flow perturbations was investigated. This analysis, however, did not show any significant correlation in the data and therefore the loops flow unbalances were excluded as a potential cause for the observed signals. Since the flow perturbations have the same phase in the four loops and the frequencies are close to those found in the neutron detectors, it was concluded that the periodic flow variations in the reactor loops were compatible with the presence of non-stationary rotational cells in the reactor vessel lower plenum. According to this scenario, periodic changes of these lower plenum flow structures modify the overall hydraulic resistance of the reactor vessel affecting the flow in the four reactor loops and also cause local changes in the core inlet distribution and thus the observed power fluctuations in the neutron detectors. 
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Vol Since there is no significant difference between the periodic signals in the noise of the four loops, the rest of the noise analysis is carried out using the total reactor vessel flow. For this purpose, the total flow was defined as the sum of the flow signals in the four loops. As shown in Fig. 9 , the PSD of the total flow has a better signal to noise ratio than the PSD of the individual loops since the random noise is now averaged over the four loops. Note the good match between periodic signals in Fig. 9 and those identified in the ex-core neutron detectors presented in Fig. 2 . 
where G xy is the Cross-Power Spectral Density of x(t) and y(t), and G x and G y the Power Spectral Density of x(t) and y(t) respectively. A value of one indicates a good correlation while zero means no correlation.
The coherence and the CPS phase were calculated using the total flow in the reactor vessel and the signals from each of excore neutron detector. The results show that depending on the neutron detector considered, the periodic signals could be either in phase or 180º out-of-phase with respect to those in the flow. For example, the CPS phase plotted in Figs. 10 and 11 show that the signals in the detector NC are approximately 180º out-of-phase to those found in the total flow with a high coherence at about 180 S and 400 S. On the contrary, the periodic signals of detector ND are in phase with those of the total flow as shown by Figs. 12 and 13 . Moreover, the analysis of the remaining neutron detectors allows concluding that the periodic signals in detector NA are also in phase with those in the total flow, while they are 180º out-of-phase when considering detector NB. The CPS between the excore neutron detectors and the total flow show that the unsteady flow patterns in the core are relatively complicate and cause some core regions to increase the power while others decrease as the total flow in the reactor loops increases. The existence of multiple periodic signals is also compatible with the presence of several rotational cells in the lower plenum of the reactor vessel. In the next section, the data from the thermocouples is correlated to the total reactor flow in order to determine the location of the unsteady flow patterns and also to identify the local flow variation trends of these regions.
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Thermouples
Although a thermocouple has a relatively long response time when comparing against a typical flow meter or a neutron detector, its response is adequate for the range of frequencies considered in this analysis (perturbations with periods over 100 S). As shown in Fig. 1 , the locations of the fifty thermocouples measuring the core exit temperature provide a good spatial resolution for the noise analysis. By calculating the Cross-Power Spectral Density (CPS) and the coherence between the thermocouple and the flow signals, it is possible to identify the core sectors experiencing similar flow variations. To obtain a more representative estimation of the CPS and the coherence, averaged values were used instead of the spectral ones (i.e. calculated at a discrete frequency). The averaged values were determined by integrating the spectral CPS phase and coherence over the frequency ranges enveloping the periodic signals (i.e. where a high coherence exists). The core perturbation mappings were then plotted by linearly interpolating the averaged values with the thermocouple positions. Figures 14 and 15-(a) show for example the CPS phase and coherence obtained for the frequency range enveloping the flow perturbation with an approximate period of 400 seconds (frequencies ranging from 350 to 450 seconds). These plots can be compared against the Auto Power Spectral Density (APSD) of the thermocouples signal (averaged over the same frequency range) shown in Figure 15- Results in these plots indicate that the core exit temperature decrease in the two regions located in the 270º-0º and 0º-90º quadrants (shown in yellow in the figure) as the total flow increases. Since this is accompanied with a simultaneous increase of the local power, it follows that the local flow of these regions should also increase. In other words, the local flow variations are in phase with the total reactor flow. On the contrary, the same reasoning leads to the conclusion that the local flow in a small sector of the 90º-180º and 180º-270º quadrants decreases as the vessel flow surges (i.e. 180º out of phase). Finally, the two regions showing a high coherence can be interpreted as the approximate core sectors affected by the rotational cells existing in the lower plenum of the reactor vessel. As discussed at the beginning of this paper, the assemblies in these regions will tend to have a lower inlet flow than the adjacent ones. Periodic reductions of the strength of these rotational cells (i.e. having non-stationary characteristics) may then explain the increase of the local flow of these regions and of the flow in the reactor loops.
Conclusions
An example of the use of noise analysis techniques to study the unsteady core flow patterns was presented. The analysis was performed using measurements from loops flow rate, the ex-core neutron detectors and the core exit thermocouples of a four loops plant. The results of the noise analysis indicated the existence of unsteady flow patterns in the core which are compatible with the presence of rotational cells in the reactor vessel lower plenum.
The present analysis suggests that the potential mechanism connecting the flow perturbations to the observed signals can be explained as follows: periodic reductions of the strength of the rotation cells in the lower plenum lead to more uniform inlet flow distributions in the core and thus to a lower reactor vessel hydraulic resistance. These periodic variations of the vessel hydraulic resistance cause the observed fluctuations in the four reactor loops flow. A more uniform inlet flow distribution also causes a slightly higher flow in the core sectors affected by the plenum vortexes (i.e. the 270º-0º and 0º-90º quadrants) and a reduction on some others. The resulting periodic flow fluctuations coupled with the negative moderator temperature coefficient create the local power variations detected in the excore neutron detectors. Since the moderator temperature coefficient drives the local power fluctuations, the core exit temperature is out-of-phase with the local power and flow variations (e.g. high local flow reduces the moderator temperature and thus increases the local power).
In addition to provide valuable information to investigate the causes of the flow perturbations, the noise analysis allows improving the overall understanding on the local flow conditions that may affect the performance of the fuel assemblies. For example the flow perturbations identified in Figs. 14 to 17, overlap the high cross-flow annular region shown in Fig. 1 . The superposed effect of the unsteady and steady flow patterns may cause a higher local cross-flow in some of the fuel assemblies located near the boundary of the perturbations. The higher cross-flow and the associated increase on the flow-induced vibrations may result, in some cases, in rod-to-grid wear and thus in a deterioration of the fretting-wear margin of the lower grids of these fuel assemblies.
